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Executive Summary
We have characterized the propensity for adiabatic shear band formation under dynamic deformation conditions in an ultra-high strength (160 Ksi/1.IGPa) lONi steel and demonstrated that in spite of its outstanding static toughness, this steel is highly prone to shear localization and failure. Specifically, microstructural evolution during deformation of a Fe-10 Ni-0. 1 C-Cr,Mo,V steel was examined. In the as-received condition, the steel has a lath martensite microstructure, and during quasi-static deformation, shear appears to be accommodated by lath rotation and lath thinning. During dynamic deformation, shear localization occurs and manifests by an optically visible shear band. Initially, the original microstructure is discernible within the band. With progression in severity of localization, there is evidence for a central region within the shear band composed of -300 nm size equiaxed grains constituting austenite, with a low dislocation content, and heavily twinned ferrite. In the extreme situation, a crack "chases" the shear band, and examination of the resulting fracture surfaces provides evidence for the presence of a thin liquid film layer. Together, these observations provide a microstructural footprint for deformation progresses evolution shear localization, and a sense for the accompanying thermal profile within the shear band.
In the later part of this current three-year effort, we have also observed that lowering the Ni content in the alloy significantly (down to about 2-3%Ni: HSLA-Comp2 and 3) and adding Cu to the alloy, enables improvements in resistance to shear localization, both in terms of initiation and propagation of the shear band.
It is our expectation that this study will complement and provide vital microstructural information and understanding to the on-going efforts on this problem at other institutions where the experimental mechanics (CalTech), theoretical models (NC State) and first principles alloy design (Northwestern) are the focus. University is the provision of a strong physical metallurgy basis to the detailed mechanics understanding being obtained through the CalTech program, thereby enabling alloy design for specific naval applications that require enhanced blast resistance and fragmentation armor capabilities.
When materials are deformed at high strain rates, as in many ballistic applications, a phenomenon that manifests itself frequently is the formation of narrow zones of highly localized deformation known as adiabiatic shear bands (ASB). Whether or not it is accompanied by fracture, such localization usually implies failure of the structural component through a loss in the load-carrying capacity of the highly deformed material within the shear band [1] . Shear bands have been observed in machining, ballistic impact, high-velocity forming etc and in a variety of materials including alloys of Cu, Al, Ti and steels. Such shear bands arising from localization of deformation occur more readily in materials with a low work-hardening rate, low strain-rate sensitivity, low thermal conductivity and a high thermal softening rate. Traditionally, shear bands have been classified into two types, deformed bands and transformed bands, the latter suggestive of a transformation having occurred within the band during (or after) its formation [2, 3] . According to this classification, transformed bands in steels may be as narrow as 5-10 tm and will appear white after etching with a Nital solution. The transformation is thought to be austenite to martensite, due to quenching by the surrounding colder steel although all evidence to date is indirect. In contrast, deformed bands in steels are generally broad and do not etch white. Temperature rise within the shear bands have been measured using infrared detectors and have been reported to be as high as 600'C [1, 4] . More recently, Guduru et al [5] used a newly-developed infrared high speed camera to demonstrate the presence of highly non-uniform temperature distribution along the length of the shear bands with "hot-spots" being present and have questioned the validity of theoretical models that had assume laminar flow [6, 7] .
Recrystallization arising from high-strain rate loading has been a topic of research interest for several years since the earliest observation of recrystallization in the shear bands in an explosively-loaded steel [8] , and its presence has been reported in various materials in association with adiabatic shear bands (ASBs). Reviews on the subject by Murr [9, 10] , and other research articles [11] [12] [13] [14] [15] [16] [17] [18] [19] extensively discuss the origin and underlying mechanisms. Transmission Electron Microscopy (TEM) has been commonly employed to characterize the microstructures of the shear bands for many years, although the narrow dimensions of the shear band width makes the TEM investigation difficult, because specimen perforation generated by ordinary chemical thinning and ion-milling often does not coincide with the band area. In this context, the advent of the FIB (Focussed Ion Beam milling) has enabled the possibility of obtaining specimens from precise locations in the sample. Alternately, the electron backscatter diffraction (EBSD) technique in conjunction with a field emission SEM has also been used to study the microstructural evolution in the shear bands. The technique allows a direct quantitative analysis of the subgrains and substructures as small as 0.2 tm, and permits measurements of subgrain/substructure size, misorientation and the distribution of boundary orientation. Xue and Perez-Prado used EBSD to examine microstructural evolution in the shear bands generated using high-strain rates in 304 stainless steel [ 18] and Ta, and Ta-W alloys [19] . Xue et al found large intragranular misorientation gradients in the shear bands, and employed Taylor factor and misorientation analyses to explain the deformation mechanism [18] . Perez-Prado et al have proposed that the microstructural refinement is not due to boundary mobility-based recrystallization processes, but instead could be attributed to lattice rotations associated with shear localization [19] . Kad and Gebert et al have shown that plastic deformation by shear leads to a strong [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] fiber texture prior to the breakup of the existing grain structure [20] . Martinez et al [16] and Lins et al [17] have characterized recrystallization by EBSD in the shear band of Ti-6AI-4V and interstitial free steel respectively. These studies (and more) have attempted to isolate the mechanisms of recrystallization and debated static versus dynamic effects and thermal versus mechanical recrystallization.
The experimental effort summarized in this report has focused primarily on the 1 ONi-I O -CrMoV steel (both Japanese stock and the US-based heats), although over the last George T. Gray III and Ellen Cerreta) where significant experience, expertise and facilities reside in the area of high-strain rate deformation. Specifically, specimens from the I ONi-O. 1 C-CrMoV steel were machined using their "top-hat" configuration and tested and verified the experimental observations made at Brown University.
Program Results and Analysis
In this Chapter, we summarize the progress we have made in the past three years in understanding the microstructural evolution during dynamic deformation of the I ONi steel as well as two more-recent steels, HSLA-Comp2 and HSLA-Comp-3.
Deformation of the JONi-O. IC Steel:
The bulk of the characterization work was focused on the as-received material although the quenched material was also characterized for comparison purposes. In the asreceived condition, a lath martensitic microstructure was observed ( Figure la,b) ; the martensite lath size distribution was measured from several TEM images and the mean lath size is of the order of 55-60 nm ( Figure 2 ). Extraction replicas of carbides were obtained and the composition and the crystal structure of these carbides were determined.
The typical carbide size in the extracted replica was*< 50 nm and more frequently around 20 nm ( Figure 1c ). The carbides in the as-received condition were predominantly of the cubic MC-type (M 2 C carbides were also observed and were determined to be Mo-rich) although their compositions varied from being predominantly V-rich with small amounts of Ti and Nb dissolved in them through being rich in vanadium and titanium in fairly similar amounts, to being essentially titanium-rich ( Figure 3 and Figure 4 ). 
Deformed Microstructure following Quasi-static Compression
A series of compression tests using were conducted at room temperature to different compression height strains (15%, 30% and 50%) over a range of quasi-static strain rates (10 opportunity to examine the microstructure in these intensely sheared regions. In this highly sheared region, the packets of laths appeared to reorient in the direction of shear ( Figure 5a ) where as away from the sheared zone the laths appeared to still be in randomly oriented packets. TEM examination of the laths after deformation confirmed this alignment of laths and a refinement in lath size. Representative TEM images of these laths are shown in Figures 5b and 5c following height strains of 30% and 50%
respectively at a nominal strain rate of 10-2 s -1 . The lath size distribution was determined in these intensely sheared zones as a function of strain at a given strain rate ( Figure 6a ) and as a function of strain rate at a fixed strain ( Figure 6b ). Also included in Figure 6a , is the lath size distribution for the as-received material and it is evident that following deformation, there is a refinement in the mean lath size with most of the coarser laths being deformed more readily as would be expected in this size regime. At a fixed level of strain however, strain rate within the quasi-static regime does not appear to have an effect on lath size distribution and in fact, for the three different rates examined, the lath size distribution appears identical (Figure 6b ). those after deformation to a height strain of 30% and 50% at the strain rate of 10-2 s -1 . In (b) the effect of strain rate (or the lact thereof) on lath size distribution is shown for 30% height strain in all cases.
2.3

Deformed Microstructure following Dynamic Compression Deformation
Next, we focused our effort on understanding the dynamic response of this family of alloy. We have subjected compression specimens to a range of strain rates around 10 3 sI using the Kolsky bar (Hopkinson bar) capability at Brown and have used a combination of projectile length and gas gun pressure to vary strain rates and enable a range of responses. The results are summarized in Figure 7 , where combinations of global strain (height reduction) and nominal strain rates examined are illustrated. The first important observation is that there can be considerable localization of deformation and the propensity to form intense shear bands. Examination of the microstructure in the shear band confirms recystallization and hence the fact that these are likely adiabatic shear bands (ASB). Furthermore, we have observed cracking within these ASBs, the extent of severity being dependent on the test condition and varying from small microcracks within the band to splitting of the sample into two pieces. The latter has enabled an examination of the resulting fracture surfaces and these results and observations are highlighted below. The lines in Figure 7 denotes the boundaries between those specimens that exhibited ASBs and cracking versus those that showed localization and shear banding but within which the original microstructure was still evident (transition zone). It is worth noting that this line is a sharp demarcation of the two regions so that at a given strain rate, the transition is quite abrupt. Representative quasistatic and dynamic stress-strain curves for the 10 Ni steel are compared in Figure 8 and the characteristic bcc behavior of strain-rate independent work-' nJlg is seen. It is noted that only the early portion of the dynamic response is in this comparison. The complete dynamic test stress-strain curves are shown in Fimire 8b for the steel for three different tests and include the localization event as seen uy ine precipitous drop in stress at height strains corresponding to about 25 percent. Note thit Rtresses as high as 2.0-2.2 GPa are supported prior to localization. However, it ,,J,ou also be remembered that these are engineering stresses and that at a height strain of 25%, significant geometric effects are present and thus the true stress would be lower (this is discussed later in comparison with the HSLA-C3 alloy response). Microstructurally, the first important observation is that there is considerable localization of deformation and the propensity to form intense shear bands (Figure 10a ) that are believed to be adiabatic shear bands (ASBs). Furthermore, we have observed cracking within these ASBs (Figure 10b) , the extent of severity being dependent on the test condition and varying from small microcracks within the band to splitting of the sample into two pieces. The fine-scale microstructure across an ASB in a dynamically deformed (2200/s; 63% height strain) 10 Ni steel compression specimen was examined at higher magnifications using an SEM. A central region consisting of fine, equiaxed submicron grains is observed (Figure I1 a,b) A cross-section of the deformed specimen was obtained and a thin foil specimen including the adiabatic shear band was also examined in the TEM (Figures 12a-c) ; the central equiaxed region (Figure 12b ) is flanked by a region of highly deformed and oriented lath-like structure (Figures 12a,c) . The size distribution of these deformed lath structure is compared to that obtained during quasi-static deformation in Figure 13 , and interestingly, the distributions are similar; this is suggestive of a limiting refinement in size below which interfacial energy effects may dominate in destabilizing the structure and leading to the equiaxed structure. It is worth noting that the distribution shown for the as-received material appears similar to the deformed material due to the inclusion of the sub-grain boundaries in the analysis. If the subgrain boundaries are not included in determining the lath size, then the mean size in the as-received condition is almost three times as high at approximately 150 nm. Briefly, In Figure 14a , the shear band on a polished specimen surface is demarcated by the two "X" marks. Focussed ion beams are used to precisely trench out material from both sides to leave a thin vertical strip of material which is then milled on both surfaces to produce a "sheet" that is of thickness to be electron transparent (Figure 14b ). Next a nanomanipulator arm is attached to the thick side-section using a platinum tab that is bonded to one comer (Figure 14c ). The ion beam is then used to detach the specimen from the rest of the sample and it is then transported over to a copper grid (Figure 14d) within the FIB. The 3-mm copper grid was previously cut in half carefully such that the cut leaves a row of "V" shaped cu wires (i.e. we cut the grid along the diagonal of the small squares) as seen in Figure 14e . The specimen is nestled at the root of the "V" and then platinum tabs are applied to bond the specimen to the grid (Figure 14f ). The specimen, if thin enough, is ready for observation in the TEM. In our case, the specimen was not electron-transparent and therefore was placed in a precision ion polishing system and further thinned for about 2-3 minutes duration and then examined in the microscope.
Microstructural observations are summarized in Figures 15 and 16 . As seen in the images in Figure 15 , equiaxed grains roughly 200 nm in size are observed consisting of a low dislocation density and coarse twins. Microdiffraction confirms an fee structure (austenite) and twinning of the type { 111 }<1 1-2>. Two-beam condition images from the matrix and the twin reveal reverse contrast images as expected. Thus, the presence of equiaxed austenite grains in the shear band suggests that the martensite transformed to austenite during the shearing process. It is interesting to note that the austenite did not revert back to martensite upon cooling although this material has a high hardenability and the heat extraction rate from the shear band is thought to be quite rapid. This is likely to be a consequence of the fine austenite grain size which suppresses martensite formation, and previous work on binary Fe-Ni alloys using rapid solidification processing has in fact confirmed this to be the case for grain sizes less that about one micrometer [21] [22] [23] [24] .
Chemical analysis using EDX spectra from individual grains has confirmed the transformation from martensite to austenite, to a first approximation, to be partitionless so that the average composition of the austenite phase was around 11.5%Ni which is close to the overall alloy composition. In addition to equiaxed austenite grains, equiaxed grains of ferrite were also observed coexisting with the austenite. These grains appeared to be heavily twinned and one example is provided in Figure 16 along with diffraction patterns from different zone axes confirming the bcc structure. These grains are also approximately 200 nm in diameter. An analysis of the diffraction pattern corresponding to the [110] zone axis and the [012] zone axis confirmed that twinning is of the (1 -2)<1 11> type ( Figure 17 ). The bcc ferrite grains were also probed for composition using EDX spectra and they confirmed that they also formed in a diffusionless manner in that their composition was similar to that of the austenite grains and the overall alloy composition as well -i.e. -12%Ni. The second approach involved mechanically grinding a fractured specimen down from the side away from the fracture surface and then precision ion polishing (PIP) the last 100 micrometer thick material using only a single gun (i.e. from one side) till a perforation appeared in the specimen. In this way, the fracture surface or regions very close to it could be examined in the TEM. This exercise is a lot more difficult than it appears since although the fracture morphology itself is microscopically flat, the surface has different heights at various locations with respect to a reference horizontal plane making it difficult to obtain a specimen of uniform thickness. Each sample takes two to three weeks to prepare and there is no guarantee that an electron transparent specimen will result.
Nevertheless, repeated specimen preparation led to some success and the results are illustrated below. It is also pertinent to remember that the specimen obtained from the FIB (previous approach) was a small sliver (-5 x 5 micrometers) mounted on a copper grid and therefore, magnetic interactions and beam alignment within the TEM is minimal. In this second approach, the entire specimen is magnetic, making tilting experiments nontrivial. A bright field image obtained from one such specimen (Figure 18a ) confirms the presence of equiaxed grains approximately 200 nm in size; these grains look highly dislocated and when the specimen was tilted and microdiffraction was performed on various grains, they confirmed a bcc structure (Figures 18b,c) . This would then correspond to ferrite. Another striking feature was the absence of carbides within the grains. The latter would suggest that the carbides had dissolved in this region and that would allow carbon and carbide forming element like V, Ti, Mo and Nb to enter into solid solution. These elements may assist ferrite stabilization at high temperatures.
The microstructure within the equiaxed region was examined at very high magnifications using specimens that were extracted using a FIB (note that this would be very difficult to do with standard 3-mm TEM specimens due to the material being magnetic and interfering with the column alignment) and representative micrographs are provided in Figure 19 . It should be mentioned that the images presented in Figure 19 are from a second FIB specimen where only ferrite grains were observed in the equiaxed region. Within the individual equiaxed grains, a fine scale modulated pattern is observed reminiscent of dislocation cells on the scale of approximately 20 nm, these being particularly evident in Figure 19c . In other grains, fine-scale twinning is noted, as is a high dislocation density (Figure 19d ). Lastly, in order to probe the mechanical characteristics of the shear band, several nanoindentation traverses were made across the shear bands in a well-polished specimen with indentation spacing of the order of 2 micrometers (Figure 21 ). It is seen that between indentation numbers 19 and 28, the hardness increases from a background level of about 6.5 GPa to as high as 8.0-8.5 GPa. The high hardness region corresponds to the ASB as verified by post-indentation micrographs. Interestingly, this was not always the case and there were situations where the hardness of the ASB and the baseline hardness were similar.
It is also worth mentioning that we had established collaboration with the Dynamic Testing Group at Los Alamos National Laboratories (Drs. George T. (Rusty) Gray and Ellen Cerreta) who performed dynamic tests on the 10 Ni alloy using their "top-hat" specimen configuration and arrived at the same conclusion, i.e. the 10-Ni steel in the ultra-high strength condition is excessively prone to shear localization during dynamic deformation. Location (Ian) Figure 21 : Nanoindentation profile across the shear band (note that indentations 19-28 traverse the shear band whereas the rest are in the relatively less-deformed regions in the specimen).
Deformation Response of HSLA-Comp 3 and HSLA-Comp 2
The acute propensity for the IONi steel to exhibit strain localization during dynamic deformation has caused technological interest in other high-strength steels with lower Ni content (2.0%Ni and 3.0% Ni rather than 10%Ni) and static yield strengths that are in the 120-130 Ksi range rather than 150-165 Ksi that is typical of the IONi steel in the optimally heat-treated condition. Here, we discuss the progress made in understanding the deformation behavior of one such steel, HSLA-Comp 3.
An optical micrograph of the HSLA-Comp-3 alloy in the as-received condition is presented in Figure 22 . Quasi-static compression stress-strain curves at nominal strain rates of I/s, 102/s and 10 4/s are shown in Figure 24a for the HSLA-Comp 3 specimens and it is clear that in this strain rate regime, the yield strength and early stage work hardening response are insensitive to strain rate. The stress-strain response for the HSLA-Comp 3 steel is compared against that for the 10 Ni steel at a nominal strain rate of 102/s (note that in these figures, engineering stresses and strains are and so at larger strains, a geometric hardening due to increase in cross-sectional area is not accounted for) and it can be seen that the static yield strength for the 1ONi steel is around 1200 MPa whereas that for HSLA-Comp 3 was around 850 MPa; the quasi-static work hardening rates are however similar. The deformed microstructure following the compression tests at a nominal strain rate of 102/s for the HSLA-Comp 3 specimen is shown in Figure 25a ,b and it can be seen that in the orientation of maximum shear the grains are extensively elongated, more so for the specimen with a height strain of 50% (Figure 25b ) versus that for a specimen with a height strain of 30% (Figure 25a ). The microstructure of the specimen deformed to 50% height strain was further examined in the TEM and representative micrographs are shown in Figures 25c-e. The martensite laths are well-defined, and appear reoriented much like in the 1ONi steel, refined in lath width and heavily dislocated (Figures 25c,d ). A careful examination of the microstructure within the individual laths confirms that the Cu precipitates are no longer equiaxed but elongated along the shear orientation confirming they plastically deform along with the matrix. These observations were also true in the specimen that was deformed at the same strain rate to the lesser extent of 30% height strain (Figure 25a ). Dynamic Deformation of the HSLA-Comp 3 steel was carried out using the compression Kolsky bar (Split Hopkinson) in a manner analogous to the 1 ONi steel. Interestingly, for all the strain rates and height strains examined, shear localization did not occur in this steel. As an example the engineering stress-strain curve for a HSLA-Comp3 specimen tested at a strain rate of 3500/s is compared to that of a 1 ONi steel response at a strain rate of 2500/s. It is clear from Figure 26a that the lONi steel is stronger than the HSLAComp 3 in dynamic compression, work hardens similarly but is prone to localization, whereas the Comp3 still continues to deform homogeneously to large strains. In order to encourage localization in the HSLA-Comp 3 steel (so that microstructural evolution in the shear band could be examined and understood), a notch was cut into the two opposite comers of the cuboidal compression specimens (along the diagonal shear plane) and then deformed using the Kolsky bar setup. The resulting engineering stress-engineering strain curve is compared to a similar test but without the notch machined in, in Figure 26b . Note that the curve for the notched specimen is only shown up to the location where shear localization was initiated but nevertheless it did not propagate much and beyond that, the specimen continued to deform homogeneously to over 70% height strain! This should be contrasted against the 1ONi specimen where, once such a shear band nucleated, it propagated rapidly across the entire specimen at even slower strain rates and the specimen cracked into pieces.
The resulting microstructure from the notched specimen is shown in Figure 27a where the diffuse shear band is readily observed. TEM specimens were extracted from the shear band and examined and representative micrographs are shown in Figures 27b-e. Unlike in the 10 Ni steel, within this band, equiaxed grains are not observed; instead the laths appear elongated and the precipitates inside the laths and at lath boundaries (carbides and Cu) appear intact. Thus the severity of localization from a microstructural point of view is considerably less in this steel. (ii) The equiaxed grains are composed of primarily ferrite with a high dislocation density (and sometimes twinning) but occasionally austenite grains with a low dislocation density were observed in FIBed specimens.
(iii) High magnification imaging suggests the presence of a cell structure within the equiaxed ferrite grains that are -20 nm in size.
(iv) Fracture surfaces from failed specimens confirmed regions of melting in addition to shear dimpled rupture.
(v) Carbides were rarely observed within the shear band in the equiaxed region, and when they were, they appeared smaller than those away from the shear band.
(vi) The martensite lath size in the ASB flanking the central equiaxed region appeared to have more or less the same size distribution as those observed in the quasi-statically deformed specimens and significantly refined compared to the undeformed specimen.
B. Using the compression Kolsky bar set-up, we were unable to generate ASBs in the HSLA-Comp3 alloy.
(i) At strain rates as high as 4500/s, the compression specimens deformed homogeneously to height strains of 75%.
(ii)
Notching the specimen enabled localization but the process decayed and further deformation occurred homogeneously.
(iii) Within the localized region, equiaxed grains were not observed; carbides and
Cu particles were present and the particles were effective in pinning dislocations.
(iv) The Cu particles deform plastically and appear elongated but no more so than those observed after quasi-static deformation. 4.0
